Probing the chemistry that occurs at catalyst interfaces under realistic process conditions is key to the rational design of better materials for industrial catalytic reactions. Ambient pressure X-ray photoelectron spectroscopy, has until recently been limited to pressures two orders of magnitude below atmosphere. However, the development of photoelectron transparent membranes based on two-dimensional materials that can maintain large pressure differences and yet have thicknesses approaching or even falling below the inelastic mean free path of photoelectrons, now allows the atmospheric pressure regime and above to be accessed. We introduce here the fundamental principles underlying this membrane-based approach to atmospheric pressure photoelectron spectroscopy, and in this context highlight some of the key design concepts and challenges in performing experiments with this technique. We discuss a number of recent proof-of-concept studies, and highlight the potential of the membrane-based approach for operando characterisation of catalyst interfaces under reaction conditions, as well as some current challenges and limitations in this area.
Introduction
Heterogeneous catalysis is essential for the synthesis and purification of industrial chemicals at the scale demanded by modern society, and in mitigating the impact of harmful pollutants on health and the environment by converting them to more inert products [1] . Heterogeneous catalytic reactions per definition take place at the interfaces between different phases, most commonly a solid catalyst with reactants in either the gas or liquid phase. Probing and understanding the chemistry of such interfaces under realistic process conditions is key to the rational design of better catalyst materials. Photoelectron spectroscopy can provide element specific information on the chemical state of a catalyst surface, with nanometre-scale surface sensitivity, as a result of the small inelastic mean free-paths (λ) of low-energy electrons in solids. This limited λ however also places severe constraints on the measurement environment, meaning high vacuum conditions have traditionally been required to ensure the effective inelastic mean free path of the photoelectrons exceeds their trajectories through the spectrometer. Siegbahn et al. partially addressed this issue by the using a differentially pumped aperture, that establishes a pressure gradient between the sample surface and the electron analyser, effectively increasing λ and allowing gas phase measurements up to 1 mbar [2] . The advent of commercially available near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) systems has further increased this limit into the tens of mbar regime [3] , with multiple differentially pumped apertures used to achieve a large pressure drop between the sample and spectrometer, whilst electrostatic lenses focus the photoelectrons through the apertures to maintain the collection efficiency [4] . Nevertheless, many heterogeneously catalysed reactions of industrial relevance occur at atmospheric pressures and above, or indeed in liquid environments. The importance of achieving these realistic reaction conditions can be understood by considering the change in chemical potential, Δµ = kT·ln(p/p 0 ), of an adsorbate in equilibrium with a gas, as the pressure, p, is increased whilst at a given temperature, T. For a reaction occurring at 200 °C, this 'pressure driving force' corresponds to a ~ 1.1 eV difference 1 3 between atmospheric pressure and ultra high vacuum (10 −9 mbar), and is still ~ 0.2 eV when compared to the pressures routinely achieved with existing NAP-XPS systems (10 mbar) . This can alter which chemical phases and surface structures are thermodynamically stable, as well as lift certain kinetic limitations and thereby change the reaction pathways. In order to obtain a detailed understanding of the underlying mechanisms involved in such reactions, spectroscopic methods are needed that can probe interfaces at these higher pressures.
When investigating solid-liquid interfaces, extracting photoelectrons presents an even greater challenge, given the even higher densities of liquid and solid phases, which are typically three orders of magnitude greater than atmospheric pressure gases [5] . Therefore to ensure that a significant proportion of photoelectrons can escape from the interface and be detected by the spectrometer, the thickness of either the liquid or the solid should ideally be below the corresponding λ. One successful approach to this has been the "dip & pull" method where a planar electrode is dipped into a beaker of solution and then retracted by several millimetres to form a thin liquid film of a few tens of nanometres in thickness on the surface of the electrode [6, 7] . Tender X-ray excitation allows probing of the solid-liquid interface, as the photoelectrons produced have sufficiently high kinetic energies that a significant proportion pass through the liquid film without being inelastically scattered and can then be collected by a NAP-XPS analyser. Maintaining such a meniscus of stable thickness over the course of hours needed for in situ measurements is however far from straightforward, requiring control over the equilibrium vapour pressure to avoid changes in the solute concentration, and potentially cooling of the liquid to reduce its vapour pressure and avoid excessive photoelectron attenuation by gas-phase scattering. Concerns also remain over whether the constrained transport of ions in this nanometer-thick liquid film is representative of real electrochemical systems. The use of tender X-rays also sacrifices surface sensitivity compared to soft XPS, and the lower photoionisation cross-sections of core levels may mean a brighter X-ray source or longer acquisition times are necessary.
An alternative approach is to instead reduce the thickness of the solid such that photoelectrons are able to pass through, and then use this to enclose a high pressure reaction cell that can be filled with either gas or liquids, whilst the rest of the measurement chamber and analyser remain at much lower pressures. This is achieved by using an electron transparent membrane that maintains the pressure difference and, given that λ for the solid membrane remains unaffected by the environment within the reaction cell, allows greater freedom over the environment within the reaction cell without adversely affecting the collection of photoelectrons from the solid-gas or solid-liquid interface.
This membrane-based approach has already been widely applied for environmental cell transmission electron microscopy (EC-TEM), and X-ray absorption spectroscopy (XAS) using thin (~ 10-200 nm) silicon nitride membranes that are transparent to high energy electrons, and X-rays [8] [9] [10] . XAS is able to provide element-specific chemical information with surface-sensitivity by acquisition of the total electron yield signal, including under operando conditions [11] [12] [13] . However depth-profiling has so far been limited to blunt comparisons between the surfacesensitive total electron yield signal (defined by λ), and the more bulk-sensitive total fluorescent yield signal (defined by the X-ray attenuation length-typically two-orders of magnitude larger than λ). Furthermore, access to a synchrotron light source is required to provide a bright source of tuneable X-ray energy. Even then the time-resolution is often limited to several minutes due to dead-time associated with moving and stabilizing mechanical components as the X-ray energy is scanned [14] , although this can be at least partially addressed by continuous scanning of the monochromator (and undulator if used) with on-the-fly data collection [15] .
By comparison, XPS using soft X-ray excitation allows probing of the whole range of core levels with binding energies below the excitation energy, even when a fixed energy laboratory X-ray source is used. The limited value of λ ensures nanometre-scale interface sensitivity, and depth-profiling can be achieved by tuning the excitation energy, which in turn alters the kinetic energy and thus λ of the photoelectrons (see Fig. 1a ), or in the case of a laboratory source, by tilting the sample to vary the photoelectron escape angle and thus escape depth. A further advantage is that XPS data is often more readily interpretable than XAS, with interpretation of the latter often requiring simulation of the acquired spectra [11] .
In order to perform XPS using the membrane-based approach, an extremely thin membrane of similar thickness to λ is required so that sufficient photoelectrons are transmitted without inelastic scattering. The focus of this article is therefore the recent development of such membrane-based approaches using two-dimensional (2D) material membranes to perform soft XPS at atmospheric pressures and above. The fundamental principles underlying this technique are introduced, along with the practical considerations in performing such measurements. A number of recent studies that demonstrate the potential of this technique are discussed. This approach is not without challenges, particularly in the preparation of the membrane materials and the deposition of active catalyst or electrode materials, and these are critically discussed along with possible pathways to overcome some of the existing limitations of this technique.
3 2 Photoelectron Transparent Membranes
The membrane used to enclose a reaction cell must be impermeable and mechanically robust enough to maintain the large pressure drop from the high pressure gas or liquid environment within the cell to the vacuum conditions of the measurement chamber. At the same time it must be electron transparent enough that a significant portion of the photoelectrons generated on the high pressure side can pass through without being inelastically scattered. The inelastic mean free path of electrons in a solid, λ, provides a measure of this transparency to photoelectrons. Compared to the case where no membrane is present, ~ 37% of the photoelectrons are expected to pass through a membrane of thickness λ without being inelastically scattered, reducing to only ~ 5% for a membrane of 3λ thickness. Values of λ typically vary within a relatively narrow range for different solids, giving rise to the somewhat crude approximation of a "universal curve" for the variation of λ with electron energy [19, 20] . There is thus little option to increase λ by selection of the membrane material, and so to maximise the detectable photoelectron signal either the value of λ must be increased by adjusting the photoelectron energy, or the membrane thickness must be reduced. Given the photoelectrons detected during XPS typically have kinetic energies exceeding 100 eV, Fig. 1a shows that in this range λ will monotonically increase with photoelectron kinetic energy i.e. with increasing the X-ray excitation energy. This approach of increasing λ was used in some of the early membrane-based XPS experiments, where hard X-rays (~ 6000 eV) were used in combination with ~ 15 nm thick Si membranes to observe electrochemical oxidation by measuring the Si 2p peak (λ Si ≈ 10 nm) [21] . However this also increases the inelastic mean free path of photoelectrons in the reaction cell environment, and thus comes at the expense of reduced surface sensitivity which limits its usefulness in resolving surface species. Furthermore the photoionisation cross-section of a given atomic subshell reduces dramatically as the X-ray excitation energy is increased into the hard X-ray regime [22] , meaning either a much higher photon flux or longer acquisition time is required.
Soft X-rays are therefore generally preferred for photoelectron spectroscopy, and so in the context of the membrane-based approach, the membrane thickness must be reduced to below a few nanometers. Many materials can not be readily produced at such thicknesses, or are not stable as a freestanding membrane, agglomerating into larger particles to minimise surface energy. However, 2D materials can remain stable as single-layer sheets thanks to their strong in-plane bonding, even when only a single atom thick as in the case of graphene and hexagonal boron-nitride (hBN). Although the precise thickness of a 2D material is ill-defined, the interlayer spacing of ~ 0.34 nm in graphite is a reasonable working value for graphene [23] . Figure 1a therefore shows how λ graphite varies with electron energy [17] , with the thicknesses of single and bilayer graphene (S-/BLG) indicated for reference.
Graphene, the archetypal 2D material, is particularly appealing for the membrane-based approach to atmospheric pressure XPS. The impermeability of pristine graphene to gases including He [24] , has led to significant interest in its use as a passivating barrier to prevent, for example, the oxidation of metal surfaces [25] [26] [27] [28] [29] . However in realistic use, the presence of atomic defects and grain boundaries typically results in some permeability to both gases and ions [30] [31] [32] [33] . The strong in-plane bonding of graphene yields impressive mechanical robustness, with the breaking strength of pristine graphene, exceeding all other materials so far measured [34] . Although this is also reduced somewhat by the presence of lattice defects and grain boundaries [35] [36] [37] , relatively [16] . b Corresponding plots of electron transmission for SLG, BLG, and PMMA + BLG, considering only inelastic scattering. Values of λ for Graphite [17] and PMMA [18] are obtained from optical data and interpolation using the modified Bethe equation
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defective graphene sheets can still be stable as free-standing membranes and sustain large pressure differences [24, 38, 39] . Graphene further offers electrical conductivity helping to avoid charging during X-ray illumination [40] , as well as serving as a current path for electrochemical control during measurements. It is also relatively chemically inert, given its position at the top of the electrochemical series [41] and the absence of out-of-plane covalent bonds, which contributes to the stability of the membranes under reaction conditions and X-ray illumination. Other 2D materials such as h-BN, the electrically insulating counterpart to graphene, offer complementary properties such as improved thermal stability [42] , that may be desirable when a high-temperature or oxidising reaction environment is to be studied. Therefore, the recent emergence of methods to controllably produce these 2D materials over relatively large-areas has made the fabrication of sub-nanometre thickness membranes for atmospheric pressure XPS a realistic prospect, as will be discussed in the next section.
2D Membrane Fabrication

Graphene Growth
In order to realise an impermeable and mechanically stable membrane that is transparent to photoelectrons, a continuous covalently bonded graphene layer is desired over an area comparable to the X-ray spot size (typically tens to hundreds of micrometre). As already highlighted this should ideally be uniform SLG so that the transmission of photoelectrons is maximised. A variety of methods are now available for producing graphene and other 2D materials, that vary widely in the quality, uniformity, and cost of the material produced. The highest quality graphene material, i.e. with fewest defects and grain boundaries, remains that mechanically exfoliated from highly-oriented pyrolytic graphite (HOPG) crystals by, for example, peeling with scotch tape [43] . However, samples have to be individually screened to find the relatively small single-layer graphene flakes amongst the flakes of varying thickness that are produced, making this process labour intensive and impractical for all but "heroic" device fabrication. Liquid-phase exfoliation attempts to automate the splitting of graphite by using sonication or shear mixing with suitable solvents or dispersing agents to produce graphene suspensions at significantly lower cost [44, 45] . Alternatively, hydrophobic graphite can be chemically converted to make hydrophilic materials such as graphene oxide, allowing aqueous suspensions without the need for dispersants [46] . Percolated films can then be relatively easily produced, and in the case of graphene oxide can subsequently be (at least partially) reduced [47] . However these films consist of networks of micrometre-sized platelets that are not covalently bonded together, making them much less impermeable and mechanically stable than pristine graphene.
Much higher-quality material can be achieved over large-areas by the thermal decomposition of hexagonal SiC crystals, by heating to > 1000 °C [48, 49] . This is relatively expensive given the high thermal budget and costs in producing the SiC wafers. Furthermore the difficulty in detaching the graphene from the SiC substrate has been a major barrier to its use as a material for membranes, which although possible typically leads to the creation of rips and tears unless carefully optimised [50, 51] .
Chemical vapour deposition (CVD) has therefore emerged as the preferred technique for producing highquality, SLG over large areas for many applications [52, 53] . This involves exposing a catalyst support, typically a transition metal foil/film to a gaseous/vapor carbon precursor at elevated temperatures. The precursor dissociation supplies carbon to the catalyst surface that diffuses into the catalyst bulk until a carbon supersaturation develops (locally) at the catalyst surface, resulting in the nucleation of graphene domains that grow with continuing precursor exposure until they coalesce and knit together to form a continuous covalently bonded network [54] . Growth therefore depends on the balance between the supply and removal of carbon from the catalyst surface as summarised in Fig. 2a .
Although catalytic formation of SLG was initially demonstrated on expensive single-crystalline supports prepared under ultra-high-vacuum conditions [56, 57] , a remarkable aspect of graphene CVD is that high-quality, continuous sheets of only a single-atom in thickness can be grown conformally over relatively rough, low-cost, polycrystalline catalyst foils [55] . This includes the rolling striations induced by the manufacturing process, topography associated with the catalysts microstructure such as grain boundaries, as well as surface roughening resulting from restructuring and sublimation at the elevated growth temperatures.
Cu foils were the first low-cost supports on which uniform SLG was grown [58] , and have become the most widely used catalyst supports for CVD thanks to the relatively broad range of processing conditions over which SLG can be stabilised. Initially, this was widely attributed to the low C solubility of Cu with a single-layer graphene assumed to form at high temperature during hydrocarbon exposure [58, 59] , whilst the growth of multilayer graphene seen on higher solubility catalysts such as Ni was assumed to result from the precipitation of carbon due to the reduction in solubility on cooling [60] [61] [62] . This was in part based on a comparison between growth on 25 µm thick Cu foils and Ni thin films of only several hundred nanometres deposited onto SiO 2 [59] , but subsequent in situ experiments have shown such a comparison to be misleading [63, 64] . As illustrated in Fig. 2b , thin films are quickly saturated with carbon given the smaller extent of their bulk [33, 65] , leading to inhomogeneous multi-layer graphene formation occurring at temperature during hydrocarbon exposure. For thicker catalyst foils the supply of carbon to the catalyst surface continues to be mediated by diffusion into the catalyst bulk and grain boundaries, enabling uniform SLG formation as has now been demonstrated on a variety of suitably thick transition metal foils [33, [65] [66] [67] . This includes catalysts with a relatively high C solubility e.g. Co, Ni, Pt, with in situ experiments confirming that SLG growth occurs predominantly isothermally via the process described earlier, with the majority of dissolved C quenched within the catalyst bulk for typical experimental cooling rates [64] . Nevertheless, Cu remains the preferred catalyst for many applications particularly when the graphene is to be transferred to another substrate (see below), in part due to the ease with which it can be etched with relatively benign chemicals, but also because it doesn't contain a significant amount of carbon dissolved within its bulk, that can otherwise remain as a source of contamination after etching [33] .
Regardless of the catalyst used, the nucleation of graphene at multiple points on the catalyst surface results in a graphene layer that is polycrystalline, and thus contains numerous grain boundary defects that may make the graphene less leak-tight. In order to reduce the density of grain boundaries, higher growth temperatures can be used to yield larger domain sizes, as well as lower defect densities within domains, due to the increased C diffusivity that favours attachment to existing domains rather than secondary nucleation [68] . Further reductions in nucleation density can be achieved by passivating high-reactivity surface sites such as step edges to reduce the density of preferred nucleation sites [33, 63, 69, 70] , or by providing a low density of even more preferred nucleation sites or seeds [71, 72] , or supplying the precursor locally [73] , and these approaches can now yield cm-sized domains. Alternatively, grain boundaries can in principle be avoided by nucleating multiple epitaxiallyaligned graphene domains on a single crystalline substrate, that stitch together as they impinge on one another. This has been demonstrated on relatively low-cost, wafer-scale substrates that are potentially re-usable, such as Ge(110) [74] and annealed polycrystalline Cu foils that have been converted to Cu(111) [75] . Whether there are still defects associated with the merging of these aligned domains to form this pseudo-single crystalline graphene remains a subject of ongoing research.
Given the potentially high-quality material that can be produced, and the relatively low-barriers to entry, for both the graphene growth and transfer process (see below), CVD seems likely to remain the de facto choice for producing graphene and other 2D materials for photoelectron transparent membranes.
Graphene Transfer
In order to use graphene as a membrane it must be suspended over a suitable support, which requires transfer from the catalyst foil used for growth. In spite of its impressive breaking strength [36] , unsupported graphene is prone to tearing and wrinkling and thus a support-layer is typically used to facilitate transfer. Figure 3a outlines the general procedure used, in which the upper surface of the graphene covered catalyst foil is first coated with the support layer (e.g. polymer), the catalyst foil is then removed by wet etching, or other methods such as electrochemical bubbling [66, 76] . The supported graphene is then floated on deionized water to remove etchant residues, lifted out onto the surface of the target substrate, and then left to dry. Finally the support is dissolved away using a suitable solvent (e.g. acetone) or etchant, to leave graphene covering the support. However, this transfer method has been found to result in significant contamination of the graphene films, associated with incomplete removal of the polymer support. Atomic force microscopy (AFM) has revealed polymer residues of average thickness of ~ 1 nm can cover ~ 40% of the graphene surface even after rinsing in acetone and isopropanol. Figure 1b shows how the presence of these polymer residues will significantly reduce the electron transmission of graphene membranes. Although numerous approaches have been proposed to remove these residues, these are often accompanied by degradation of the graphene, as in the case of annealing treatments which show poor selectivity towards polymer-removal, or simply convert the polymer to amorphous carbon [77, 78] . Polymer-free transfer approaches have therefore been developed that completely avoid the use of a support that covers the graphene surface [55, 79, 80] . Figure 3b details one such approach where rather than coating with a polymer, a support frame made from self-adhesive aluminium foil is attached around the sample edges. On etching of the catalyst foil, this frame provides mechanical support to avoid significant wrinkling Fig. 3 Graphene transfer methods. a Polymer-supported graphene transfer, where graphene on a metal foil is coated with a thin polymer layer, placed on the surface of an etchant solution to remove the metal, then rinsed in water and lifted out onto a desired substrate. After drying, the polymer support is then removed using an appropriate solvent, however this typically leaves significant polymer residues. Inset: atomic force micrograph of graphene transferred onto a SiO 2 /Si wafer using a PMMA-supported method without any post-treatment, where small bright features are visible which correspond to PMMA residues with a relative coverage of ~ 40% and average thickness of and tearing whilst leaving the central region of graphene free-standing and thus uncontaminated by support materials. The etchant is then carefully rinsed away by slowly flushing with water whilst the frame-supported graphene remains floating on the surface, and then the target substrate is lifted through the centre of the frame to pick up the free-standing graphene and left to dry. The cleanliness of this polymer-free transfer-process has been confirmed by scanning tunnelling microscopy (STM), which reveals the hexagonal graphene lattice with atomic resolution [38] . We note that comparable STM characterization is generally not possible for graphene contaminated with polymer, as when scanning over these non-conducting regions the STM tip would either crash or become coated with the polymer.
Whether a polymer support is used or not, transfer that involves a wet etching step often induces mechanical damage, associated with the surface tension of the liquid. Indeed the physisorption of airborne contaminants such as hydrocarbons renders many substrates more hydrophobic following extended air exposure [81, 82] . The increased contact angle means that after the graphene is lifted out, it does not lie flat on the substrate during drying leading to cracking and wrinkling [83] . Cracking can obviously result in the membrane leaking, whilst wrinkling will reduce photoelectron transmission and the adhesion of the graphene to the underlying substrate, as well as inducing high local stress making these regions more prone to chemical attack. This situation can be improved by making the support more hydrophilic with treatments such as O 2 plasma, ultraviolet/ozone cleaning, or annealing [81, [84] [85] [86] , that remove contamination and/or chemically activate the surface, or by using lower surface energy solvents [83] . Alternatively dry transfer processes have been demonstrated that avoid liquids altogether by peeling the graphene from the surface of suitably weakly interacting metals (see Sect. 7) [87] [88] [89] . As well as avoiding the damage associated with wet processing, this eliminates contamination related to residual etchants, although the supports used (e.g. polymers) can still leave residues.
Irrespective of the transfer method, the inherent roughness of the polycrystalline foils typically used as growth support will nevertheless result in some wrinkling of the transferred graphene as it relaxes onto an often much flatter membrane support. This includes morphology related to the foil manufacturing process (e.g. rolling striations), as well as grain growth and catalyst sublimation at the elevated growth temperature, with the latter particularly affecting Cu catalyst foils whose growth temperature is often close to the melting point of Cu [68, 90] . It may be possible to reduce this wrinkling by for example using specially prepared flat substrates [91] , and growth conditions that minimise roughening [68] . In addition, wrinkling may already occur prior to transfer during cooling of the growth substrate [92, 93] , as a result of the different thermal expansion coefficients of the catalyst and graphene. The use of a support substrate can preserve these wrinkles following transfer, even if the strain that caused their formation is released on removal of the graphene film. Therefore care is needed in selection of the catalyst material and its texture to avoid such wrinkling in the first place [94, 95] .
The reliable fabrication of leak-free membranes remains one of the most significant challenges in applying the membrane-based approach to atmospheric pressure photoelectron spectroscopy using 2D materials, in most part due to the shortcomings of the transfer process. In future, it would therefore be desirable to eliminate the transfer step by directly forming free-standing graphene membranes. One possible route is to fabricate suspended catalyst thin-films on perforated Si 3 N 4 supports using established microelectromechanical systems (MEMS) techniques, then cover the catalyst surface with graphene using CVD, and finally etch away the catalyst to leave suspended graphene. This would require optimisation of the catalyst film thickness and material, and most-likely a low-temperature growth process to avoid pinhole formation [63, 70] , but could potentially avoid the mechanical damage and polymer residues associated with existing transfer techniques.
Reaction Cell Designs
A variety of reaction cell designs have been developed for performing membrane-based atmospheric pressure XPS, with the cell geometry influencing the choice of support substrate for the suspended graphene membranes, the measurement setups that can be used, and the systems that can be measured. Figure 4 summarises several of the major approaches. The first demonstrations of XPS of a liquid through a graphene oxide layer were performed using a single-aperture reaction cell (Fig. 4a) [96] . In this case, sealing only a single, micrometre-scale aperture with graphene is achieved much more reliably than sealing a larger hole, or array of holes, covering a much large area. However, the relatively small "active" area for measurement, means that a measurement setup with a highly focussed X-ray beam is required, limiting this approach to micro-focussed X-ray sources. The high X-ray flux-density required to achieve a sufficient signal intensity from such sources has the potential to induce significant radiolysis effects [13, 135] . Indeed, the detection of water vapour during the early measurements with this geometry is attributable to the radiolysis of the liquid water contained within the cell as a result of X-ray illumination [96, 97] . Therefore Kolmakov et al. introduced an alternative approach of using an array of microchannels which are covered with graphene on one end (working electrode), filled with a liquid electrolyte, and with the other end capped with an adhesive sealant that if conductive (e.g. solidified Ga) can also serve as the counter electrode [97, 98] . Given that the size of an individual graphene covered aperture is limited by the area over which graphene can be reliably suspended (typically of the order of micrometres), this array of holes provides a larger total active area for measurement meaning that a less-focussed X-ray beam can be used whilst still detecting a sufficient photoelectron signal. This is particularly important when measuring dense phases such as atmospheric pressure gases or liquids, where the effects of radiolysis can become significant [13] , and the local build-up of radiolysis products is exacerbated by a higher X-ray flux density. Furthermore, given that each microchannel forms a separate liquid cell this approach can significantly improve the reliability of these cells for measurement: even if several of the cells are not properly sealed or burst during measurement, the other intact cells can continue to be measured, with the minuscule liquid volumes released unlikely to cause problems for the measurement chamber's vacuum system. However, if multiple cells are illuminated, the acquired spectra will combine contributions from both burst and unburst cells, whose relative proportions may vary over time. Therefore a means of obtaining spatial resolution (e.g. photoemission electron microscopy) may be needed to separate these different contributions [98] . Even with imaging, correlating the electrochemical measurement which will combine contributions from all of these cells, which may have leaked to varying extents, with the measured photoelectron signal may be a complex task.
The small volume of the individual cells and the fact they are static also imposes limitations on the measurements that can be performed with this approach, which means that in their current form they are not well-suited to studying solid-gas catalytic reactions. In particular, there is no opportunity to perform a pretreatment or regeneration step to yield a desired catalyst state prior to introducing the reactants, as the environment within the cells can not be readily exchanged. This also means the reaction must be performed in a batch mode, rather than flow mode, with the timescale over which the reaction can proceed limited by the small quantity of reactants within each cell. This is clearly less of a problem when studying electrochemical reactions with liquid electrolytes within the cell, as for many reactions of interest the electrochemical cycle can be repeated numerous times, and the sweep rate varied as required. The other potential complication is that the process for sealing the cells requires careful consideration to ensure it is compatible with the environment to be trapped within them, so that it neither dissolves away causing leakage, nor reacts with the cell environment which might completely change the behaviour observed.
An alternative approach that ensures a larger active area, but avoids numerous, enclosed static volumes, is to use a thin perforated support such as an Si 3 N 4 membrane containing numerous holes covered with graphene which enclose a single, larger reaction chamber (Fig. 4c, d) [38, 99, 100] . Clearly this does not afford the same improvement in reliability as the static multi-channel arrays, as a single leak will affect the whole volume behind the membrane. Whilst this would present a major problem when measuring liquid environments within the cell as the liquid volume could leak out to cover the whole measurement area, when measuring in an atmospheric pressure gas environment several leaks can be tolerated as the small flow of gas can be easily pumped away by the analysis chamber pumps, whilst a continuous flow of gas into the reaction cell maintains the pressure at the desired level [38] . Sealing of the reaction cell with these perforated supports can be easily achieved using O-rings (black in Fig. 4c, d) , whose material can be selected to ensure compatibility with the measurement conditions, with various temperature and chemically resistant polymers available.
The ability to change or refresh the reaction atmosphere allows much more flexibility in the measurements that can be performed for both liquid-and gas-phase reaction environments. This is particularly advantageous for studying solid-gas interfaces where the catalyst can be pre-treated and the reaction operated in flow mode with reactants continuously supplied. Figure 4d shows one such measurement scheme for this, where catalyst nanoparticles can be deposited onto the high-pressure side of the graphene membrane, and can be directly heated by laser illumination through an optical window.
Detection Threshold
Having discussed different supports that may be used to create stable 2D material membranes, it is important to understand the concentration of species that can be effectively detected when performing atmospheric pressure XPS measurements with the membrane-based approach. Although the detection threshold will depend on a number of factors including the X-ray source, elements being probed, and length of acquisition, as an approximate rule of thumb the detection threshold with standard XPS can be taken as ~ 0.1 at.%. For the membrane-based approach we must consider the reduced photoelectron transmission through the graphene, as well as the porosity of the perforated support used, as a significant portion of the area illuminated by the X-ray beam will not be suspended graphene. At present, the commercially available Si 3 N 4 supports with the highest active area have a hexagonal close packed pattern with a pitch that is double the hole diameter, corresponding to a porosity, and thus active area, of ~ 23%. More typically, however, a porosity of 15-20% is used to increase stability of the Si 3 N 4 support. Considering the detection of photoelectrons with a kinetic energies of ~ 600 eV, this would suggest that for a SLG membrane the detection threshold would be ~ 0.6 at.%, rising to ~ 1 at.% for PMMA-transferred BLG (see Fig. 1b ). For aqueous solutions this corresponds to concentrations of ~ 350 mM, and ~ 550 mM respectively. In order to further improve this detection threshold, the porosity of the membrane support may be increased but this will ultimately be limited by the corresponding reduction in its mechanical stability, leaving few further options beyond using the thinnest and cleanest possible graphene layer.
Electrode/Catalyst Preparation
As mentioned earlier graphene has the advantage of being relatively chemically inert in its pristine form, making it ideal as a model catalyst support [101, 102] . In order to study catalytic reactions, methods are needed to deposit suitable catalyst materials onto this support. Given the limited λ for photoelectrons generated by soft X-rays, the thickness of the catalyst/electrode being probed is critical, particularly if the intention is to probe the solid-liquid or solid-gas interface. One approach is to deposit dispersed nanoparticles onto the graphene membrane, such that there will still be a reasonable proportion of uncovered membrane surface in contact with the reaction environment. This will allow the collection of photoelectrons originating from the surfaces of the catalyst nanoparticles in contact with graphene, those in contact with the reaction environment, as well as the reaction environment itself. Alternatively, very thin continuous films can be deposited that uniformly cover the graphene surface. Such uniform model surfaces are less realistic catalyst materials, but are more amenable for interpreting depth-resolved measurements, as the complexities associated with the nanoparticle coverage and contributions from the sides of the nanoparticles are avoided. 2D materials are clearly ideal for this purpose and the formation of intimate heterostructures between many 2D materials has already received extensive research interest for various electronic applications [103] . The formation of continuous oxide films on the surface of graphene, that are below a nanometre in thickness have also been well-demonstrated [26, 104, 105] . Given graphene's absence of out-of-plane covalent bonds, many materials are liable to agglomerate on its surface particularly when at elevated temperatures. One solution to this might be to functionalise the graphene membrane, however such functionalisation is likely to negatively impact upon its mechanical and chemical stability.
Irrespective of the exact morphology of the deposited catalyst materials, the method of depositing them should be carefully selected to avoid severely damaging the graphene membrane. Energetic methods such as sputtering or pulse laser deposition should be avoided as these are likely to induce defects in the graphene. Less energetic deposition methods such as evaporation, atomic layer deposition, electrochemical/electroless deposition, or even drop casting are therefore generally preferable. Although these can all be performed after membrane fabrication, it may be advantageous to deposit these materials prior to any transfer processes to act as an additional support layer to help minimise any mechanical damage.
In fabricating the 2D material membranes materials with core levels that will interfere with those of interest in the reaction should obviously be avoided where possible. Although the choices for membrane support may be limited to materials that can be produced with the required dimensions and strength, these can easily be coated with thin layers of different materials using physical vapor deposition methods in order to eliminate contributions from the underlying material. In this same regard, it is also important to avoid the use of materials that may catalyse the attack of the 2D material under reaction conditions [106, 107] , which would otherwise undermine the stability of the membrane as discussed further below.
Membrane Stability
Mechanical Stability
Although CVD graphene is inherently polycrystalline, the well-stitched boundaries between differently oriented domains, retain the high breaking strength of graphene [36] . However, the presence of vacancy defects and wrinkling during the transfer process, are found to reduce the breaking strength (and young's modulus) [37] . The presence of defects therefore practically limits the size of suspended graphene regions to a few micrometres, when using commercially available SLG produced by CVD. Arrays of many small apertures covered with graphene are therefore preferred to improve the pressure stability as well as the transfer reliability, with the most common supports currently being perforated Si 3 N 4 membranes, or multichannel-arrays made from mineral-glass.
Given graphene's lack of out-of-plane covalent bonds, the layers in graphite are only held together by weak van-derWaal's-like bonding, facilitating mechanical exfoliation. The adhesion of the graphene to its support must therefore also be carefully considered, as if this is not strong enough the environment within the reaction cell will be able to bypass the graphene membrane and leak out along the graphenesupport. Metallic films are therefore commonly deposited onto these supports prior to graphene transfer to try and improve this adhesion, as well as minimise charging by making the support more conductive [38, 108] . The intercalation of species beneath 2D materials has been studied on a range of transition metal supports [29, 107, 109, 110] , with a strong interaction between a 2D material and its support shown to be critical to preventing intercalation [29] . A simple distinction can be drawn between strongly and weakly interacting substrates based on the extent to which the band structure of the 2D material is altered. For a weakly interacting substrate, the band structure is left largely intact, which in the case of graphene means the characteristic linear dispersion at the K point is retained with only the Fermi-level being altered due to charge transfer from the substrate, as seen for Cu [111] [112] [113] , Ag [111] , Ir [114] , Pt [57, 115, 116] , and Au [120, 111, 117] . For more strongly interacting metals, e.g. Ni [57, [118] [119] [120] [121] , Co [122, 123] , Fe [121, 124] , the characteristic linear dispersion is lost due to hybridization between the graphene π and metal d valence band states. Therefore although Au coated supports have been used in several of the reports on graphene membranes for atmospheric pressure XPS, we note that other metal coatings may offer superior adhesion, yielding membranes that are more leak-tight and potentially stable for longer periods. However, given the wet processing typically involved in graphene transfer and possible plasma treatment of the support, an idealised interface between a clean, metallic surface is not obtained. Therefore an annealing process following transfer may be necessary to clean the interface and activate any strong interaction.
Chemical Stability
The chemical stability of the membranes is also a key consideration. At room temperature, pristine graphene is relatively chemically inert given its position at the top of the electrochemical series [41] , and the absence of out-of-plane covalent bonds. However, grain boundaries and vacancy defects in CVD graphene are more susceptible to chemical attack. Indeed, chemical treatments with aqueous solutions have been used to create nanopores of controlled size in CVD graphene to achieve selective ion transport [31, 125, 126] . This is also observed in reactive gaseous environments, for example, in oxygen containing atmospheres at sufficiently high temperatures graphene starts to be burnt away [109] , which again occurs preferentially at defects [127, 128] with damage induced at much lower temperatures and oxygen partial pressures than for pristine graphene/graphite [129] . As well as these more obvious routes to chemical attack, illumination of liquid and gases with ionising radiation such as X-rays and electrons can lead to the generation of reactive species by radiolysis [130, 131] . This is particularly pronounced when low-energy (soft) X-rays/electrons are used to probe dense phases such as high pressure gases and liquids, as this radiation is absorbed in a relatively small volume close to the illuminated interface and diffusive transport of species away from the interface is relatively slow. This is highlighted in Fig. 5a , which shows the influence of electron beam illumination on a BLG membrane with deionised water sealed beneath it. After < 30 s of illumination, multiple bright regions appear that grow in size with time and start to merge. These are attributed to bubbles formed by radiolysis beneath the graphene. After ~ 68 s a brighter streak appears on the left-hand side of the graphene covered hole which may relate to etching/or damage to one of the graphene layers, and then after ~ 73 s a tear through both graphene layers can be clearly seen in the bottom left-hand corner of the graphene covered hole, and many of the bubbles have now escaped. Given the lower mass density of gases, bubbles might be expected to have a lower secondary electron yield than the liquid and thus appear darker. Their bright contrast is however attributable to the higher secondary electron yield at edges, i.e. topographic contrast. Indeed, in several cases it is possible to discern brighter edges and darker centres to the bubbles, as also seen in other reports of bubble formation in water where secondary electron imaging is used [132] . Similar observations of bubble formation have also been made for aqueous solutions behind grapheneoxide membranes during illumination with a highly focussed X-ray beam [96] . The associated damage to the graphene may relate to the mechanical stress arising from surface tension at the bubble-water interface, or chemical attack by the radicals produced by radiolysis. This is further clarified by recent X-ray absorption measurements under atmospheric pressure conditions, in both liquid and gas phase environments. Figure 5b shows the evolution of the Cu L 3 -edge during X-ray illumination of a Cu thin (50 nm) film in air, showing the gradual oxidation of the Cu surface towards CuO, which is attributable to the local generation of ozone by radiolysis i.e. chemical attack. Figure 5c shows that this oxidation induced by X-ray illumination continues when the sample environment is changed to a basic aqueous solution, with the generation of hydroxyl radicals now chiefly implicated. This therefore suggests that chemical attack is responsible for the damage to graphene membranes seen in Fig. 5a , which is again likely to occur preferentially at defects.
Therefore improving the membrane's stability against chemical attack (including by the products of radiolysis) requires either the use of materials that are more resilient to chemical attack, or minimisation of the production of the chemical species responsible for attack. In the first case, for a Cu (50 nm) film measured (b) in air at atmospheric pressure [first six spectra acquired ∼ 150 s apart (red to green), with remaining spectra acquired ∼ 300 s apart (green to violet)], c after replacing air with an aqueous solution of NaOH (0.1 M), [acquired ∼ 400 s apart, except for ∼ 1300 s between the sixth and seventh spectra and ∼ 2200 s between the penultimate and final spectra], d after changing to an aqueous solution of NaOH (0.1 M) and CH 3 OH (0.1 M) [∼360 s between the start of each spectrum acquisition, except for ∼ 3600 s between the first and second spectra and ∼ 2700 s between the penultimate and final spectra.] Adapted with permission from [13] . Copyright 2018 American Chemical Society using higher-quality graphene with fewer defects would reduce the number of sites for preferential attack, but this is practically limited by the quality of graphene that can be reliably obtained by CVD. Stacking multiple graphene layers may also be beneficial, as the probability of two defects overlapping will correspond to the square of the defect density of SLG, and this approach has indeed been used in several reports to improve stability [98, 99, 108, 133] , although it comes at the expense of reduced photoelectron transmission, as discussed earlier. Instead of this, other 2D materials could be employed which are more resistant to oxidative attack such as h-BN [134] , however its insulating behaviour is likely to result in undesirable charging during measurement. This may be surmountable, by, for example, stacking h-BN and graphene layers to achieve improved chemical resistance whilst maintaining sufficient conductivity. In the second case, the concentration of certain chemical species can be reduced by diluting the reaction environment with an inert solvent/gas, but this is also likely to alter the equilibrium of the reaction under investigation, leaving little further option for avoiding damage under the desired conditions. However, for the specific situation of chemical attack induced by the products of radiolysis, the concentration of these products can be relatively straightforwardly reduced by either lowering the X-ray/electron dose, or by spreading this over a larger area by using a less focussed beam or rapidly scanning the beam over the sample [13, 135] . Another promising approach is to add scavenger species or "getters" which serve to provide decay routes for the damaging products of radiolysis to react to more inert products. Figure 5d shows an example of this, where the addition of a small amount of methanol to the aqueous solution results in the reduction of CuO back to Cu 2 O over time with X-ray illumination. Such getters may be dissolved or suspended in a solution or placed in close proximity to the interface being probed [136] , but care is needed in selecting these species to avoid altering the underlying chemistry that is being probed.
Example Reactions
Solid-Liquid Interfaces
As noted earlier, the first proof-of-concept demonstration of the using 2D material membranes to enable XPS of solid-liquid interfaces, used a single-aperture reaction cell covered with a relatively thick graphene oxide membrane, and filled with an aqueous NaI solution [96] . Liquid and vapor phase water was thereby observable in the O1s spectrum, however the signal associated with the respective ions dissolved in the solution was too weak to be detected. Velasco-velez et al. demonstrated a liquid flow reaction cell which was again filled with an aqueous solution, but this time of CoSO 4 [99] . This was used to achieve electrodeposition onto the graphene membrane, with the emergence of a signal in the Co 2p XPS region confirming the formation of an oxidised cobalt layer. This successfully demonstrated the ability to detect the chemical state of the deposited film through the graphene membrane, however it should be noted that the relatively thick layer deposited prevented probing of the ions in solution at the solid-liquid interface.
More recently, Kolmakov et al. have focussed on using multichannel static cells in combination with PEEM and other microscopic methods. This has included X-ray absorption measurements of the O K-edge of liquid water acquired in partial electron yield (PEY) mode [98] , as well as similar Auger electron spectroscopy (AES) measurements [108] . This approach has also been applied to detect Cu ions in aqueous solutions of CuSO 4 and H 2 SO 4 during electrochemical cycling [133] . Measuring the Cu L 3 -edge at different potentials reveals differences in the ratio of Cu + to Cu 2+ ions as the graphene membranes is biased relative to a Pt counter electrode, consistent with copper(II) ion reduction on the graphene electrode. These results therefore highlight the promise of performing operando studies of solid-liquid interfaces under electrochemical control. These PEEM based studies have so far focussed on XAS measurements using PEY mode, which have an information depth of a few nanometres that is not easily varied. Ideally future measurements will be able to take advantage of a tuneable X-ray source when performing XPS, to vary the kinetic energy of photoelectrons and consequently their escape depths, and thus obtain depth-resolved chemical information about the species present at the solid-liquid interface during electrochemical reactions.
Solid-Gas Interface
The demonstration of atmospheric pressure XPS of gas phase reactions using graphene membranes has been a more recent development with the first reports emerging within the last 2 years, and thus the literature in this area remains relatively limited. The reports to date have all used flow cell designs of the type illustrated in Fig. 4d , which as noted earlier are more suited for studying reactions occurring at solid-gas interfaces. Weatherup et al. thereby used singlelayer graphene membranes produced with a polymer-free process to demonstrate simultaneous probing of the chemical state of catalyst nanoparticles and the reaction environment using XPS as illustrated in Fig. 6 [38] . Figure 6b shows the O1s XP region, showing that with the introduction of O 2 (1 bar) into the reaction cell, a double peak associated with gas phase oxygen can be detected, despite the graphene being partially covered with Cu nanoparticles. On introducing the O 2 (1 bar), the Cu nanoparticles are observed to gradually oxidise towards Cu 2+ with time, and on returning to vacuum they rapidly reduce back to Cu + . The observed room temperature oxidation is seen to proceed more quickly when illuminated with the X-ray beam (two lower red spectra in Fig. 6c ), compared to if the beam is blanked for the first 15 min of O 2 exposure (upper red spectrum in Fig. 6c ), indicating it is at least partially induced by X-ray illumination, presumably as a result of radiolysis of the high pressure O 2 to form ozone. The influence of the X-ray beam is also seen when measuring graphene membranes with other atmospheric pressure gases behind them, where ongoing X-ray beam irradiation is found to cause broadening of the C 1s peak on the high-binding energy side, attributable to the creation of defects in the graphene and/or the accumulation of defective carbon [38] . This work also showed that given the high atomic density of atmospheric pressure gases, it is even possible to detect both He and H 2 gases, which have traditionally been considered undetectable by XPS due to their low photoionization cross-sections. Figure 6d shows that He is readily detectable at pressures of 100 mbar and above, and that even H 2 which has a ~ 30 times lower photoionization cross-section, can be detected at 1 bar.
Velasco-Vélez et al. have also investigated atmospheric pressure reactions at solid-gas interfaces, using PMMA-transferred bilayer graphene [100] . In this case they perform similar room temperature oxidation experiments with Cu nanoparticles, where they see very similar behaviour of oxidation towards Cu 2+ in an atmosphere of 20% O 2 in He at 1 bar total pressure, whilst when this is exchanged for 5% H 2 in He they observe reduction back towards Cu + . These measurements were complicated somewhat by the presence of Cu contamination on the analyser side of the membranes, that may also have potentially been present between the graphene layers making up the bilayer, as a result of incomplete etching of the polycrystalline Cu foil on which the graphene was grown. To minimise the contribution from this contamination and maximise that coming from the Cu nanoparticles on the atmospheric pressure side, the XP spectra are acquired using photoelectrons with higher kinetic energies (600 eV rather than 200 eV). This higher kinetic energy may also account in part for a more intense Cu 2p signal, in spite of the thicker bilayer graphene membranes used. Possible Cu contamination was less of a problem for the measurements of Weatherup et al. as Cu nanoparticles were deposited onto the same side of the single-layer graphene as was originally in contact with the Cu growth catalyst, meaning lower kinetic energies could be Velasco-Vélez also investigated reactions occurring at elevated temperatures, which were achieved using direct laser heating of the membrane, similar to that illustrated in Fig. 4d . This includes the oxidation of Ir in an atmospheric pressure oxygen environment, as well as the study of a more industrially relevant reaction, namely the hydrogenation of propyne on Pd nanoparticles that had been drop-cast onto the graphene membrane. In this case changes in the Pd 3d 5/2 spectra were observed as the reaction environment was altered between gas mixtures of He, He/H 2 , and He/H 2 /C 3 H 4 , indicating reduction of the initially oxidised Pd and then the uptake of C. In this work, the reaction environment was monitored using mass spectrometry and gas chromatography, which offer superior sensitivity compared to observing the gas-phase species with XPS, however they are not able to probe the reaction environment as locally.
Both of these reports on performing atmospheric pressure XPS of the solid-gas interface highlight the capability for performing spectroscopic measurements under realistic pressure and at elevated temperatures. Following these initial proof-of-concept measurements these techniques are expected to be applied more widely given their significant potential value to the broader catalysis community. As for the work to date on solid-liquid interfaces there have so far not been any reports that have successfully employed depth-profiling to reveal the variation in chemical environment close to the solid-gas interface but future studies may benefit from this.
Outlook and Outstanding Challenges
Despite the first demonstration of the 2D material membrane-based approach to atmospheric pressure XPS being reported more than 7 years ago [96] , the number of groups to have successfully applied this method remains relatively small, with the experiments reported to date being overwhelmingly synchrotron-based. The primary reason for this appears to be the difficulty in producing leak-tight membranes that remain stable during measurement, and yet are thin enough and with large enough active area for a meaningful photoelectron signal to be obtained. The X-ray spot sizes used have been of ~ 100 µm in diameter or below, which given that the active area is typically of a similar size, is consistent with the significant challenge of avoiding defect/tears in the membranes as the size of the active area is increased further. For the 2D material membranebased approach to atmospheric pressure XPS to enter more widespread research use, requires extending this approach to laboratory-based XPS systems, given the greater availability of measurement systems and the lower cost of measurement time. This does not necessarily require a NAP-XPS system as the graphene membranes can maintain a large pressure difference between the reaction cell and analysis chamber, although protection of the analyser and X-ray source from any sudden spikes in pressure related to failure of the membranes should be carefully considered. The lower intensity and less focussed beam typically associated with lab-based X-ray sources, mean that to avoid further sacrificing photoelectron signal a larger active region is required, increasing the challenge of reliable membrane manufacture. However, if this can be overcome the lower X-ray intensity and corresponding reduction in radiolytic attack of the membrane is likely to lead to improved stability and allow more extended measurements before failure occurs. Further improvements in the membrane fabrication process are key to this, in particular the transfer-step which is primarily responsible for introducing both mechanical damage and contamination. In this direction, completely eliminating the transfer step by directly growing graphene in place could avoid both of these issues. Although not trivial, current MEMS technology and the availability of low-temperature growth processes optimised for catalyst thin films, make this a realistic future prospect. This would enable the 2D material membranebased approach to atmospheric pressure photoelectron spectroscopy to move from the largely proof-of-concept experiments so far reported towards a technique that can be more broadly applied to the study of heterogeneous catalysis, where it promises important new insights into the surface chemistry occurring under realistic process conditions.
In addition to the powerful surface-sensitive chemical information that XPS can provide, in many experimental situations combining this with high spatial resolution would provide more profound understanding of the surface under investigation. A number of surface-sensitive spectromicroscopy techniques have already been used including scanning photoelectron microscopy (SPEM) [96] , photoemission electron microscopy (PEEM) [98] , and scanning AES [108] , particularly with the multichannel static cell geometry, to identify which cells have and have not leaked. However, the resolution of these techniques is of the order of tens of nanometres, which is insufficient for revolving small nanoparticles let alone the atomic-scale structure of the surface, which is of primary interest in many cases. Therefore crosscorrelative studies using high-resolution imaging techniques such as transmission electron-microscopy (TEM) seem the most promising approach to achieve this. There has already been relatively widespread adoption of similar membranebased reaction cells within the EM research community, with multiple commercially available sample holders that make use of thin Si 3 N 4 membranes. The fact that similar cell geometries and materials can be used, make these techniques more readily comparable, and they may thus provide the information needed to decipher how the combination of surface structure and composition ultimately defines catalyst performance.
Although the membrane-based approach to operando XPS at atmospheric pressures remains in its infancy, we expect its use to expand significantly over the coming years with many groups starting to work in this area. Whilst applying this technique still involves a number of challenges, not least the fabrication of 2D material membranes, overcoming these offers the prospect of accessing nanometre-scale, depth-resolved chemical information about both solid-liquid and solid-gas interfaces under conditions where this has never before been possible. We therefore envisage this becoming a valuable technique for improving our understanding of the chemistry that occurs in industrial catalytic reactions, as well as providing a valuable counterpart to high-resolution spatially resolved studies.
